The mRNA for alcohol dehydrogenase (ADH) 1n D. melanogaster has been Identified by translation In a cell-free system. The In vntro synthesized polypeptide, specifically precipitated by anti-ADH antibody, has Identical subunit molecular weight (25,000 daltons) and tryptic peptide profile to the In y1yo synthesized ADH. The poly A containing ADH-mRNA has been purified by specific precipitation of ADH-polysomes using ant1-ADH antibody and S. aureus. Transformation of E. coll with the dA-ta1led ADH-mRNAcoraplementary DNA hybrid annealed to the dT-tailed pBR322 yielded one plasmid which has been Identified as the AOH-cDNA clone. The Identification Involved hybridization selection of ADH-mRNA and In vitro translation, 1n situ hybridization to the Adh locus on salivary gland polytene chromosomes and DNA sequencing. This ADH-cDNA plasmid contains 349 bases of the C-terrainal protein coding and 180 bases of the 3' untranslated region.
INTRODUCTION
Alcohol dehydrogenase (ADH) 1n DrosophUa melanogaster Is a well studied gene-enzyme system with several Interesting biochemical, genetic and regulatory features. Because of Its relative abundance (1t comprises 1-2% of the total soluble protein of mature adults) ADH protein has proven easy to purify (1,2). The availability of the pure protein has, 1n turn, allowed for the enzyme to be extensively characterized. These studies have revealed DrosophUa ADH to be quite different from the mammalian liver and yeast ADH's; 1t has a smaller subunit molecular weight (25,000 vs. 39,800 for the liver enzyme and 35,300 for the yeast) and lacks the bound Zn^+ (3) required for catalysis by the other ADH's. The conpleted sequence of the protein (4, 5) has shown very little homology between DrosophUa ADH and either liver or yeast enzymes.
From a genetic point of view, Drosophila ADH Is virtually unique among genes 1n higher organisms because chemical selection procedures have been developed that allow screening for flies that lack enzyme activity (6, 7) . The large number of homozygous viable mutants recovered that lack active enzyme Indicate that enzyme activity 1s not required for survival or fertility (8) . These mutants have also made 1t possible to precisely map the location of the Adh_ structural gene both genetically (9, 10) and cytologically (10, 11, 12) .
Finally, the expression of the Adh gene appears to be regulated. Activity Is high at certain stages of development (1n mature adults and late third Instar larvae) and low at others (In pupae). Moreover, certain tissues, such as fat body, Intestine and Malp1gh1an tubules have relatively high enzymatic activity; others, like salivary glands and 1mag1nal discs have little or none (13) .
We have been Interested 1n the regulation of gene expression of the Adh gene. Our strategy has been to use the selective procedures that we developed to secure mutants at the Adh locus. Among these mutants we hope to find some whose lesion is 1n the regulatory machinery the gene. In order to carry out this type of analysis we required a probe for the Adh gene. In this report, we first describe the Isolation and characterization of ADH-mRNA. This nRNA was then used to produce an ADH-cDNA clone which we 1n turn Identified and characterized. The cloned cDNA will allow us to analyze wild type and mutant strains of DrosophUa for the presence and structure of the Adh_ gene and ADH-mRNA.
MATERIALS AND METHODS
Organisms. The ADH-pos1t1ve strains, Adi/ and Adh^ pr en which are homozygous for the ADH^ and ADH" electrophoretic variants respectively, were the sources of DrosophUa melanogaster RNAs. The symbols ££ (purple) and £n_ (cinnabar) refer to eye color markers. E. coll K-12, strain HB101, was obtained from Dr. H. Smith of the Microbiology Department, Johns Hopkins University.
DNA and Enzymes. pBR322 DNA was used as the vector to transform E. coll HB101. Plasmid DNA was purified according to Clewell (14) . Avian myeloblastosis virus reverse transcHptase was provided by Dr. J. W. Beard, the Office of Program Resources and Logistics, NCI. Bacterial alkaline phosphatase and terminal transferase were purchased from Bethesda Research Labs. Restriction enzymes were from Bethesda Research Labs and New England BioLabs. Polynucleotide kinase, nucleotides and p(dT)i2-18
were from PL Biochemicals.
Radioactive materials were purchased from New England Nuclear and Amersham.
RNA. All glassware and solutions were either autoclaved, filter sterilized or diethylpyrocarbonate treated (15) . For the preparation of total cytoplasmic RNA from DrosophUa, four-to six-day-old Imagoes (live or stored frozen In liquid N2) were ground In liquid N2 In a mortar to a fine powder. They were then homogenized 1n a loose-fitting Dounce horaogenizer 1n 0.25 M sucrose, 0.25 NaCl, 0.25 M NH4CI, 0.05 M MgCl2, 0.025 M Tris-HCl, pH 7.5, 0.005 M EGTA, 0.005 M N-ethyl male1m1de, 100 iig/ml heparin, 0.5% (v/v) e-mercaptoethanol; 0.001 M cytosine monophosphate and 50 yg/ml spermine (20 ral/g flies). (This buffer recipe was recommended to us by Dr. D. Sullivan, Syracuse University.) The homogenate was centrifuged (10 m1n at 10,000 rpm, 4°C 1n a Sorvali HB4 rotor) and the resulting supernatant made 1% NP40. This solution was extracted once with phenol (saturated with 0.01 M Tr1s-HCl, pH 7.5) and three times with chloroform. RNA was precipitated from the aqueous phase by adding 0.1 volume of 3 M sodium acetate and 2.5 volumes of cold ethanol and chilling In a dry 1ce/ethanol bath. The precipitate was collected by centrifugation washed once with 70% ethanol, air-dried and resuspended 1n distilled H2O. The RNA was stored either In ethanol at -20°C or as an aqueous solution at -20°C.
For the Isolation of polyadenylated RNA, poly U-sepharose (Pharmacia) was employed using deionized formamide containing buffers.
Partial purification of RNA was accomplished using 15-30% (w/v) sucrose gradients containing 0.01 M Tr1s-HCl, pH 7.5 and 0.5% SDS. Sedimentation was for 19 hr at 26,000 rpm at 20°C 1n a Beckman SW27 rotor. RNA was ethanol precipitated from the collected fractions and washed several times with 70% ethanol 1n order to eliminate sucrose.
Isolation and 1mmunoprec1p1tat1on of polysomes. Flies were ground 1n liquid N2, homogenized and the homogenate centrifuged as described above. After adding NP40 to 1%, polysomes were purified by sedimentation for 5 hr at 50,000 rpm at 4°C In a Beckman T1 60 rotor through a cushion of 2 M sucrose 1n 0.3 M NH4CI, 0.05 M MgCl2, 0.05 M Tris-HCl, pH 7.5 and 0.5% e-mercaptoethanol. The polysomes were resuspended 1n 0.3 M NaCl, 0.005 M MgCl2 and 0.05 M Tris-HCl, pH 7.5 at 100-200 A26o/ml • Immunoprecipitation of polysomes was done according to the methods of Gough and Adams (16) using goat ant1-ADH antibody. RNA was then purified using the phenol/chloroform extraction procedure described above.
In vitro cell-free translation. DrosophUa RNA was translated In a cell-free protein synthesizing system prepared from nuclease-inactivated rabbit ret1 culocyte lysates (17) . Tr1t1ated leudne was used to follow Incorporation. The translation products were electrophoresed 1n SDSpolyacrylamide gels (18) and visualized by fluorography (19) .
To Isolate cross-reacting material from the translation products, a procedure similar to that of HI! man et al. (20) was used (21) . The translation mixture was diluted 30-fold with 0.03 M KC1, 0.01 M Tr1s-HCl, pH 7.4, and 0.5% Triton X-100 and subjected to chromatography on a column of Sepharose linked to goat ant1-ADH. The column was washed with 0.03 M KC1 , 1 H NaCl, 1% Triton X-100, 1% sodium deoxycholate and 0.01 M Tris-HCl, pH 7.5 and then with deionized H2O. ADH was eluted from the column with 0.2* SOS. The eluate was lyophHized and resuspended 1n SOS-gel sample buffer and electrophoresed as above.
Tryptic peptide analysis. In order to show that the radioactive product synthesized 1n vitro and Isolated by Immunochromatography was ADH, the In vitro translation mixture was mixed with purified l4 C-leuc1ne
labelled ADH^ (labelled In vivo), Immunopredpitated and subjected to SOS-polyacrylamide gel electrophoresis. The gel was fractionated and the l^C-ADH containing band TCA precipitated. The TCA was removed by ether extraction and the protein was digested with trypsin. The resultant peptides were fractionated on an Aminex A-5 1on exchange column (22) .
Construction of recombinant plasmids. cDNA was synthesized from both sucrose gradient-enriched RNA and from antibody precipitated polysomal RNA. Each 50 pi reaction mix contained 0.1 M Tr1s-HCl, pH 8.7, 6 M MgCl2, 60 raH KC1 , 30 mM B-mercaptoethanol, 100 pg BSA/ml, 20 pg p(dT)i2-l8/ m1 . 800 n9 RNA/ml (heated at 68°C, 10 nrln and quick-cooled before addition), 1 nM each of dGTP, dCTP, dATP and TTP and 10 uC1 each of 3H-dNTPs as tracers. Reactions were started by the addition of 32 units of reverse transcriptase. Incubation was for 1 hr at 45°C at which point another 32 units of enzyme were added and the Incubation continued for an additional hr. The reactions were stopped by centrifuging the Incubation mixtures through packed Sephadex G-50 1n microfuge tubes to eliminate unincorporated nucleotides and for desalting. The cDNA synthesized under these conditions were generally greater than 600 nucleotides 1n length, and represented about 5% of the Input RNA.
The mRNA-cDNA hybrid was then "tailed" (23) 1n 50 pi of a reaction mixture which contained 0.14 H potassium cacodylate, 0.03 H Tr1s base, 1 nW C0CI2, 100 pM e-mercaptoethanol, 100 nW dATP, 200 yg BSA/ml, 200 units terminal transferase/ml and about 1 pg of 3 H-CDNA-RNA hybrid.
After 100 rain of Incubation at 37°C, the reaction was stopped by addition of EDTA to 5 mM. The Incubation time was calculated to yield 50-75 added dA residues per 3' end. pBR322 DNA (8 ug) was linearized with Pst I and tailed similarly for 4 m1n at 37°C using 100 uM TTP. About 50-70 dT residues were added per 3' end.
Equimolar quantities of the dA-ta1led mRNA-cDNA hybrids (average cDNA length = 1 kb) and the dT-ta1led pBR322, both freed of low molecular weight components by centrifugation through Sephadex G-50, were combined In 0.1 M NaCl, 1 m EDTA and 0.01 M Tr1s-HCl, pH 7.5. The mixture was heated at 68°C for 10 m1n and annealed at 43°C for 2 hr. The resultant hybrid molecules were used to transform E. coll K-12, strain HB101 by the transfection procedure of Mandel and H1ga (24) .
We obtained 74 tetracycline resistant, ampicHlin sensitive transformants from 0.5 pg of cDHA synthesized from sucrose gradient enriched RNA. The DNA Inserts range from 500 to 2500 bases with the majority larger than 900 bases. Forty-six transformants were obtained from 0.4 pg of cDNA synthesized from antibody selected polysomal RNA. The DNA Inserts range from 200 to 1300 bases with the majority being BOO bases.
Hybr1d1zat1on-select1on and translation. DNA (1 pg) from pBR322, bacteriophage X and pBR322 containing DrosophUa sequences was Immobilized on nitrocellulose filters (Schleicher and Schull, BA85) and utilized In hybridization-selection and translation according to R1cc1ard1 et al. (25) .
In situ hybridization. DrosophUa salivary gland chromosomes were prepared for 1n situ hybridization by a modification of procedure of Pardue and Gall (26) as described by Strobel et al. (27) . N1ck-translat1on was performed according to R1gby et al. (28) using tritiated dNTPs. DNA sequencing. 5' terminal labelling of restriction fragments by polynucleotide kinase and DNA sequencing were performed as described by Haxam and Gilbert (29) . Polyacrylamide gels of 0.4 im thick were used. The sequences were analyzed by the program of the Stanford Molgen Project and the NIH SIWEX-AIM facility.
Northern hybridization. RNA was glyoxalated and separated on agarose gels according to HcMaster et al. (30) . The RNA was transferred to diazobenzyloxymethyl (DBH)-paper and hybridized with 32p_labelled nick-translated DNA (31) .
Results

Identification of ADH-mRNA. Mature adult flies have been observed to
synthesize AOH (32) Indicating that they possess functional ADH-mRNA. To Identify this ADH-mRNA we Isolated RNA from wild-type files and translated 1t 1n a mRNA dependent rabbit reticulocyte cell-free system. The resultant 3 H-labelled translation products were separated by SDS-gel electrophoresis and visualized by fluorography. Figure 1 shows the results of this experiment. The polypeptides synthesized when total cytoplasmic, poly Acontaining and poly A-lack1ng RNA were translated 1n vitro are shown 1n lanes C, B and A respectively. The total cytoplasmio and poly A-conta1n1ng preparations (these show the bulk of translational activity) code for a great variety of proteins, with one prominent band, accounting for 1-2% of the total translational activity, migrating to the same position on SOSpolyacrylamide gel as ADH monomer (corresponding to a molecular weight of 25,000).
Protein of this same size binds specifically to anti-ADH antibody coupled to Sepharose (Figure 2, lanes C, D and G) . The results of a control experiment, showing that the antibody specifically binds ADH Is shown 1n Figure 2 , lane B.
Further confirmation that ADH can be synthesized 1n a raRNA dependent protein synthesizing system 1s shown In Figure 3 . Here ^H-leudne labelled protein synthesized 1n vitro was subjected to antibody precipitation and SDS-polyacrylamide gel electrophoresis. The material migrating at a position corresponding to a molecular weight of 25,000 was then subjected to tryptic digestion and the resultant peptides separated by 1on exchange chromatography. Authentic l^C-leudne labelled ADH was present during these manipulations to serve as a marker. As shown 1n Figure 3 the peptide profiles of authentic ADH matches almost exactly that of the 1n vitro synthesized product.
From these experiments we conclude that DrosophUa adults contain a polyadenylated mRNA that can direct the synthesis of ADH. ADH was Identified by antibody precipitation, by SDS-gel electrophoresis and by virtue of Its tryptic peptide pattern.
ADH-mRNA purification. We used two approaches to enrich for ADHmRNA. First, total cytoplasmic RNAs were fractionated by sedimentation through sucrose gradients containing SDS. ADH-mRNA was assayed by translation In a reticulocyte 1n vitro system and SDSgel electrophoresis The results of a single round of enrichment yielded one fraction containing RNAs of 11-13S that coded for polypeptides of about 23,000 to 35,000 daltons (data not shown). A second round of purification by sucrose The diluted • J H-TabeTTedTransTatTon products were chromatographed on ant1-ADH antibody sepharose columns as described 1n the Method Section. Specifically bound materials were eluted and electrophoresed on a 12-1/2% SDS-poiyacrylamide gel and displayed by fluorography. A, E and F: 3 H-labelled protein molecular weight markers, B: purified In vivo ^H-labelled ADH retained by the column, C: total cytoplasmic RNA from the Adh^ strain translation, D: poly A-conta1n1ng RNA from the Adhf strain translation, G: total cytoplasmic RNA from the Adh" strain translation. gradient sedimentation yielded a preparation 4-5 fold enriched for ADH-mRNA ( Figure 4, lane D) .
Second, AOH-raRNA was purified from ADH containing polysomes specifically precipitated by ant1-ADH antibody and S. aureus (16) . Purification of at least fifty-fold was achieved; ADH polypeptide was the only 1n vitro translation product detected from such RNA preparations (Figure 4, lanes B  and C) .
cDNA cloning. The protocol we used to clone cDHA 1s described 1n the Materials and Methods section. A similar approach was reported by Wood and From this mRNA, using dA-ta1led mRNA-cDNA hybrid molecules annealed to dT-ta1led pBR322, we have constructed a cDNA clone. The transformation efficiency of such hybrid structures was lower than that expected for doublestranded DNA, but the resultant pADH-cDNA clone proved to be a faithful copy of a portion of the ADH-raRNA; the translated amino add sequence matched the known C-terminal amino add sequence of ADH and the nucleotide sequence corresponded to the sequence of a genomic clone (5) Isolated from the Man1at1s library (35) .
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However, this cDNA clone was not of full length. It 1s possible that the incomplete length was due to some sequence and/or secondary structure peculiar to ADH-mRNA that might have affected the reverse transcription reaction. Others have observed that reverse transcriptase makes nonrandom stops along mRNA (36, 37) . He also cannot exclude the possibility that the tailing reaction and/or transformation of E. coll using the hybrid molecules might have adversely affected the final size of the cDNA Insert.
Several observations can be made about the nucleotide sequence of the protein coding and the 3' untranslated regions of ADH-mRNA. Like other eucaryotic messages, the codon usage (Table 1 ) of this mRNA 1s nonrandom. There 1s underutH1zat1on of codons ending 1n A and preference for codons ending 1n C and G. This observation 1s true for the complete genoaic ADH gene as well (5) . Other eucaryotic mRNAs (for example, 3-maJor globin mRNA (38) ) exhibit different preferred codons. Thus, codon usage seems to be message specific.
The difference 1n electrophoretic mobilities of ADH F and ADH S from two naturally occurring Adhfast and Adh^low f|y strains has been attributed to at least one amino add change (threonine 1n ADH^ for lysine 1n ADH S , (39) ). This amino add, underlined 1n Figure 9 by a wavy line, 1s threonine 1n pADH-cDNA which comes from the AdhJ strain. A single base change (ACG for threonine to AAG for lysine) has occurred at this position 1n the Adh$ strain.
The 3' untranslated region, which Is AT rich, has several Interesting features. The symmetric region (nucleotides 366-373; 375-382) contains the longest stretch of A residues (15 bases). The homologous region (nucleotides 499-509; 510-519) 1s 10 nucleotides from the putative poly A-add1t1on site (the dinucleotide CC). The hexanucleotide AATAAA, which Is usually for raRNA-cDNA hybrid cloning. This work was supported by grants GM21322-01
